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The crystal structure of methylglyoxal synthase from
Escherichia coli
Dana Saadat and David HT Harrison*
Background: The reaction mechanism of methylglyoxal synthase (MGS) is
believed to be similar to that of triosephosphate isomerase (TIM). Both enzymes
utilise dihydroxyacetone phosphate (DHAP) to form an ene-diol(ate) phosphate
intermediate as the first step of their reaction pathways. However, the second
catalytic step in the MGS reaction pathway is characterized by the elimination
of phosphate and collapse of the ene-diol(ate) to form methylglyoxal instead of
reprotonation to form the isomer glyceraldehyde 3-phosphate.
Results: The crystal structure of MGS bound to formate and
substoichiometric amounts of phosphate in the space group P6522 has been
determined at 1.9 Å resolution. This structure shows that the enzyme is a
homohexamer composed of interacting five-stranded β/α proteins, rather than
the hallmark α/β barrel structure of TIM. The conserved residues His19,
Asp71, and His98 in each of the three monomers in the asymmetric unit bind
to a formate ion that is present in the crystallization conditions. Differences in
the three monomers in the asymmetric unit are localized at the mouth of the
active site and can be ascribed to the presence or absence of a bound
phosphate ion.
Conclusions: In agreement with site-directed mutagenesis and mechanistic
enzymology, the structure suggests that Asp71 acts as the catalytic base.
Further, Asp20 and Asp101 are involved in intersubunit salt bridges. These salt
bridges may provide a pathway for transmitting allosteric information.
Introduction
Methylglyoxal synthase (MGS; EC number 4.2.99.11)
catalyzes the conversion of dihydroxyacetone phosphate
(DHAP) to methylglyoxal and orthophosphate in the first
step of the methylglyoxal bypass of the Embden–Myer-
hoff pathway (glycolysis) [1,2]. Phosphate acts as an
allosteric inhibitor of the enzyme, suggesting that the
methylglyoxal bypass may be active under conditions of
phosphate starvation [3]. Recently, it has been suggested
that the role of this enzyme in Escherichia coli and other
microorganisms may be to facilitate the transition between
conditions of starvation and abundance [4]. Methylglyoxal
is cytotoxic in millimolar quantities and has been shown to
interfere with de novo protein and nucleic-acid synthesis
[5–7]. Furthermore, methylglyoxal is mutagenic and is
implicated in diabetic complications [8,9].
Methylglyoxal synthase catalyzes phosphate elimination
utilizing a reaction mechanism that stereospecifically
abstracts the C3 pro-S hydrogen of DHAP to form an ene-
diol(ate) enzyme intermediate (Figure 1) [10]. MGS is
highly specific for DHAP and is not able to abstract a
proton from the C2 position of the more reactive D-glycer-
aldehyde 3-phosphate. It is hypothesized that a second
base abstracts the hydroxyl hydrogen, which leads to the
formation of the enol(ate) of methylglyoxal and inorganic
phosphate. The protonation of the C3 methylene group of
the enol(ate) of methylglyoxal is not stereospecific and is
probably the result of an uncatalyzed ketonization follow-
ing release from the enzyme [10]. The products of the
reaction leave sequentially, the enol(ate) of methylglyoxal
followed by inorganic phosphate [11].
Although MGS has been purified from a variety of sources
[3,12–15], the enzymology is best understood in E. coli.
Purified E. coli MGS has a specific activity that is nearly
two orders of magnitude higher than that of the enzyme
from other species. Further, the E. coli enzyme has been
extensively characterized with regard to inhibitor and sub-
strate specificity [3,16]. We and others have cloned and
overexpressed the E. coli enzyme and determined that the
monomer molecular weight is 17 kDa [4,16]. On the basis
of results from gel-filtration chromatography the E. coli
MGS has an apparent molecular weight of 76 kDa, sug-
gesting that it is a homotetramer.
To identify potential catalytic bases, site-directed muta-
tions at all four conserved aspartic-acid positions have been
made: D20N, D20E, D71N, D71E, D91N, D91E, D101N,
D101E [16]. All of the resultant mutant proteins could be
expressed well in E. coli and were demonstrated to have
the same secondary and quaternary structure as judged by
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circular-dichroism (CD) spectroscopy and gel-filtration
chromatography. Each of these mutations showed at least
a 100-fold loss in Vmax, with little change in Km. Inactiva-
tion of both D20N and D91N mutants by DHAP sug-
gested that these two residues are involved with protecting
the enzyme from DHAP or reactive intermediates along
the catalytic pathway. The kinetics of both Asp71 and
Asp101 mutant proteins show reduced kcat/Km by 103-fold
and 104-fold, respectively, suggesting that each of those
residues is intimately involved in catalysis.
To gain further insights into the roles of each of these con-
served residues and to identify other residues that may be
critical for catalysis, we have determined the three dimen-
sional structure of MGS from E. coli.
Results and discussion
Crystallographic analysis
Crystals of MGS were found to be in the space group P6522
with unit cell dimensions of a = b = 123.2 Å, c = 156.2 Å.
Three monomers of MGS were found in each asymmetric
unit, giving a Matthews coefficient of VM = 3.4 Å3/Da. The
crystal structure was solved using multiple isomorphous
replacement (MIR) methods (see the Materials and methods
section). All of the monomers in the asymmetric unit have
at least one formate ion bound to the active site. In addition
to the formate ion, a phosphate ion is bound to the active
site of one of the monomers, whereas two additional formate
ions are bound to each active site of the other two monomers.
Description of the structure
The core of the MGS structure is a five membered β/α
protein. The program DALI [17] identified the CheB
methylesterase as having the highest degree of similarity
to MGS. The N terminus and C terminus together form a
distinct subdomain consisting of two antiparallel β strands
and an α helix. The structure of the phosphate-containing
monomer is shown in Figure 2a. A plot of the correspond-
ing secondary structure and temperature factors is shown
in Figure 2b. The temperature factors are relatively high
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Figure 1
Reaction mechanism for MGS.
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Figure 2
The structure of a subunit of MGS. (a) A
ribbon diagram of MGS with formate and
phosphate bound to the active site. The core
of this β/α protein consists of five parallel
β strands surrounded by five α helices. The
α helix F makes interactions with the active
site of a neighboring subunit. The figure was
prepared using the program POVSCRIPT (D
Peisach, personal communication), which is a
derivative of MOLSCRIPT [30] and POVRAY.
(b) A graph of the average temperature factor
for atoms in each residue combined with a
secondary-structure representation.
for residues located at the N terminus and C terminus and
at the end of α helix B.
The crystal structure shows that MGS forms a homo-
hexamer with a noncrystallographic pseudo-threefold axis
perpendicular to the crystallographic twofold axis. Figure 3a
shows the molecule looking down the pseudo-threefold
axis with the crystallographic twofold axis splitting the
figure horizontally. Thus, the red and purple monomers,
the orange and blue monomers, and the yellow and green
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Figure 3
Views of MGS along various symmetry axes.
(a) The quaternary structure of MGS is a
hexamer. This view is looking down the
pseudo-threefold axis. Running horizontally is
the crystallographic twofold axis. The red and
purple subunits are representative of the wide
dimer and the green and yellow subunits are
representative of the narrow subunits within
the hexamer. (b) The wide dimer interface as
seen looking down the crystallographic
twofold axis. (c) The narrow dimer interface as
seen looking down the crystallographic
twofold axis.
Figure 4
A stereoview of the wide dimer interface in the
same orientation as the hexamer shown in
Figure 3a. The locations of the conserved
residues are defined by the green spheres.
Note that the conserved residues cluster
around the active site, as indicated by the
blue phosphate and formate molecules.
monomers are each related to each other by the crystallo-
graphic twofold axis. Within the hexamer, there are three
different types of monomer–monomer interactions. There
are three ‘wide’ v-shaped dimer interfaces (Figure 3a: red
and purple, blue and green, and yellow and orange), three
‘narrow’ dimer interfaces (Figure 3a: red and orange,
yellow and green, and blue and purple), and two trimer
interfaces (Figure 3a: red, blue, and yellow, and purple,
green, and orange). One wide and one narrow dimer inter-
face (red/purple [Figure 3b] and yellow/green [Figure 3c],
respectively) have exact crystallographic twofold symme-
try, whereas the other dimers are related by pseudo-two-
fold symmetry. 
Both the wide dimer and the narrow dimer promote
‘second-shell’ interactions between the active-site residues
of one monomer with residues from the neighboring mono-
mer. There are twelve hydrogen bonds and six salt bridges
between monomers when the wide dimer is bound to
phosphate and two salt bridges and ten hydrogen bonds
between monomers when the wide dimer is not bound to
phosphate. By comparison, there are ten hydrogen bonds
and no salt bridges that cross the interface boundary that
defines the narrow dimer. A number of residues that inter-
act across the wide dimer interface are conserved in all
organisms in which the mgsA gene has been identified
(Figure 4). Additionally, there are a few conserved residues
that interact across both the narrow dimer and the trimer
(red, blue, and yellow and purple, green, and orange) inter-
faces (Figure 3a). The total buried solvent-accessible
surface area across the two dimeric interfaces is about the
same — 7580 Å2 per hexamer are buried in the wide dimer
interface and 8170 Å2 per hexamer are buried in the narrow
dimer interface. Additionally, the two trimers bury 2760 Å2
of solvent-accessible surface area per hexamer. The total
buried solvent-accessible surface area of the hexamer is
18,510 Å2 (~40%) of a possible 45,520 Å2, which the six
monomers would expose. 
Prior to determining the structure, we hypothesized that
MGS forms a tetramer in solution [17]. This hypothesis
was based upon evidence from analysis of gel-filtration
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Figure 5
A stereoview of the active site of MGS
binding formate and phosphate (a) or formate
alone (b). The red spheres in the middle of
the active site represent water molecules, the
residues with yellow bonds are from one
protein, the residues with green bonds are
from the monomer across the wide dimer
interface, and the molecules with magenta
bonds are formate and phosphate ions. Note
that all of the conserved and previously
mutated aspartic acid residues are found in
the active-site cavity.
data and was consistent with the kinetic Hill coefficient
determined in the presence of phosphate. However, many
proteins behave anomalously on gel-filtration columns
because of either irregularities in their shape or affinity
for the gel matrix. The shape of the hexamer is indeed
irregular; three small knobs protruding from the body of
the protein could allow the protein to be retained by the
gel filtration column matrix (Figure 3a). The kinetic Hill
coefficient is consistent with either a homohexamer or a
homotetramer, as the kinetic Hill coefficient can only give
a lower estimate of the oligomeric state of the protein. It
is therefore our view that the crystallographic structure
probably best represents the solution oligomeric state of
the protein. Clearly, additional data should be obtained
to verify the hexameric structure of methylglyoxal syn-
thase in solution (e.g. small angle X-ray scattering or analy-
tical ultracentrifugation).
All three monomers in the asymmetric unit have a mol-
ecule of formate bound at the active site, whereas only
one of the monomers in the asymmetric unit has a phos-
phate ion bound. Further, the carboxy termini of all three
of these monomers are found to be in different degrees of
order. The most ordered carboxy terminus interacts with
the phosphate of the twofold-symmetric monomer, helping
to form the wide dimer interface.
As phosphate is an allosteric inhibitor of MGS, it is pos-
sible that the phosphate-bound structure represents the
‘taut’ form of the enzyme. It is also possible to hypothe-
size that the bound phosphate and formate are acting as
product analogs (phosphate and enolate) and that the
formate-bound form of the enzyme is similar to the enolate-
bound enzyme. This is supported by the relatively low
temperature factor (~20 Å2) of this formate ion. The some-
what higher temperature factor (~33 Å2) of the phosphate
ion may be due to partial occupancy. We have found that
formate is not an inhibitor of MGS at concentrations as
high as 0.5 M, thus its binding to the structure may have
no particular relevance to the catalytic mechanism. Our
working hypothesis is, however, that formate and phos-
phate mimic the product of the reaction because the addi-
tion of exogenous phosphate to the crystal causes a change
in the space group and the unit-cell parameters (DS and
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Figure 6
A comparison of phosphate-bound and
phosphate-free MGS subunits. (a) A space-
filling model and a ball-and-stick model of the
active site of MGS when formate and
phosphate are bound. The phosphate is
colored purple, the formate is colored green
and the residues from the neighboring
monomer across the wide dimer interface are
colored with green bonds. The figure shows
that the phosphate ion is nearly buried by the
surrounding protein atoms. (b) A space-filling
model and a ball-and-stick model of the active
site of MGS when only formate is bound.
Note that there is a wide groove leading to the
active site, as residues from the neighboring
monomer have moved.
DHTH, unpublished results). These changes suggest an
additional conformational change not present in these
crystals. Work on this new crystal form is ongoing. 
Conserved residues and the active site
Like most β/α proteins, the active site is located at the
carboxy terminus of the central β sheet at the junction
between the first three strands and the last two strands.
Most of the conserved residues in the protein are found
in the active-site region (Figure 4). Both functional (Asp,
His, Thr) and structural (Gly, Pro) residues in the active-
site cavity are conserved. The active site of MGS is
defined by those residues that are in contact with either
the phosphate or the formate ions and those residues that
line the cavity defined by this space (Figure 5). The phos-
phate group interacts with the Nζ nitrogen of Lys23, the
Oγ oxygen of Thr45, Thr47, and Thr48, and the peptide
nitrogen of Thr47 and Gly66. The phosphate ion also
interacts with Arg150′ of the other monomer in the wide
dimer. This contrasts with the three hydrogen bonds that
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Figure 7
A stereoview of the superposition of
phosphate-bound (yellow) and phosphate-free
(green) structures as determined by a least-
squares fit of the α carbons of residues
80–135. Residues that do not move are
represented in a CPK space-filling model.
Residues that change position (surrounding
α helix B) are indicated by a stick model. The
α helix B moves by 1.1 Å and is extended by
two residues in response to the presence of
phosphate. A number of residues change
conformation upon binding of the phosphate
ion. Interestingly, Lys21 (in CPK above T47)
acts as an immobile anchor point on to which
the phosphate binds. The position of the
formate molecule is also unchanged by the
presence of phosphate.
Figure 8
A stereoview of the region where three
monomers meet. The bond colors correspond
to the monomer colors in Figure 3a. This
interface is held together by conserved
residues that form hydrogen bonds to Arg107.
This junction may provide a pathway by which
allosteric information can be transmitted.
phosphate makes with the amide nitrogen atoms of TIM
[18]. In addition to forming a close contact with the phos-
phate ion, the formate ion interacts with the Nε2 nitro-
gen atoms of His19 and His98, and with the Oδ1 oxygen
of Asp71. Each of these residues, with the exception of
Arg150′, are conserved. The bottom of the active site
shows a number of hydrophobic residues that limit and
define the size and shape of the substrate molecule. Both
the phosphate and formate ions are exposed to the solvent
via a channel that is perpendicular to the active site and
is defined by Arg150′, Tyr146′, Asp20, Pro67, His98, and
His19 (Figure 6a).
As the overall fold of MGS is different from the fold of
TIM, no structural alignment can be made between the
two sequences and thus it is difficult to directly compare
the active sites. However, if the bound formate molecule
in MGS is taken to mimic the enolate product, there are
elements in the active site of MGS that are comparable to
elements in TIM. Asp71 would seem to be in a position
that is similar to that of the catalytic base in TIM, Glu165.
The mutagenesis data is consistent with this possibility, as
the activities of each of the mutants D71N and D71E are
decreased by ~1000-fold [16]. Furthermore, either of the
two histidine residues H19 and H98 could perform the
role of the electrophilic catalyst analogous to His95 in
TIM. His98 would seem to be in a position more homolo-
gous to that of His95 in TIM in that it is nearly in the
plane of the formate molecule.
The effect of phosphate on the structure
There are two large structural changes that arise from the
binding of phosphate to the active site of MGS. First,
Arg150 becomes ordered in the crystal structure and forms
a salt bridge with both Asp20 and the phosphate ion. In
one of the monomers that has no bound phosphate, the
C-terminal α helix (F) is ordered, but Arg150 is not. In
the other monomer lacking bound phosphate, the entire
C-terminal α helix is disordered. This has the effect of
opening up the channel that leads to the active site and
forming an open cleft (Figure 6b).
The second effect of phosphate binding is that the N ter-
minus of α helix B is extended, and threonine residues at
the N terminus adopt rotamers that allow interactions with
the phosphate ion. In the absence of phosphate, these
residues are no longer involved in the α helix and adopt an
irregular conformation that allows the cleft leading to the
active site to widen further. In addition to changes at the
N terminus of α helix B due to the presence of phosphate,
the remaining α helix is translocated by 1.1 Å towards the
phosphate (Figure 7). This translocation gives rise to the
formation of a cavity large enough for a solvent molecule
(although none are seen) between residues Leu51, Lys32,
Met27, and Thr48. In the structures without phosphate
bound these residues are closely packed.
Possible allosteric pathway
Mutations of Asp20 cause a ~100-fold decrease in activity
and a profound decrease in the sensitivity towards phos-
phate [16]. Asp20 makes a salt bridge with Arg150′ of the
neighboring subunit in the presence of phosphate. This
could be a pathway for transmitting allosteric changes
throughout the hexamer. However, it is not clear how the
changes observed at one active site might influence the
neighboring molecules’ active site using these residues.
Mutations to the conserved Asp91 cause a ~500-fold decrease
in activity and a decreased sensitivity towards phosphate.
Pro92 is of particular interest as it is conserved and posi-
tioned between two other conserved residues (Arg107 and
Val110) in another monomer in the trimer interface. Inter-
estingly, one of these conserved residues, Arg107, makes a
salt bridge with Asp101 of another monomer in the wide
dimer interface (Figure 8). It has been shown that the spe-
cific activity of the D101N mutant is reduced by ~104-fold
[16]. Furthermore, the D101E mutant is found to be in the
taut conformation, as the transition-state analog 2-phospho-
glycolate activates this mutant [16]. The structure of the
region surrounding Arg107 combined with the mutagenesis
data suggest that the region (where three subunits come
together) may be important in transmitting allosteric infor-
mation from one subunit throughout the hexamer.
Biological implications
The 2-oxo aldehyde, methylglyoxal, is a compound
found in all living cells. The compound is both mutagenic
and cytotoxic. Despite this toxicity, a variety of bacterial
species produce methylglyoxal synthase (MGS), which
converts the glyocolytic intermediate dihydroxyacetone
phosphate to methylglyoxal. Cells are believed to detox-
ify (and metabolize) methylglyoxal using the ubiquitous
enzymes glyoxalase I and glyoxalase II, which catalyze
the glutathione-dependent conversion of methylglyoxal to
D-lactoylglutathione and subsequently to D-lactic acid [19].
Interest in methylglyoxal metabolism and the glyoxalase
system stems in part from its ability to clear 2-oxo alde-
hyde based chemotherapeutic drugs from tumors, thus
rendering the treatment ineffective [20].  Further interest
in methylglyoxal metabolism stems from the potential use
of MGS in engineered microorganisms that can produce
the industrially important compound 1,2-propanediol [21].
To solve the problems of substrate binding, catalysis and
product release, two enzymes that bind similar substrates
or products or use similar chemistries may have originated
from either a common ancestor (divergent evolution) or
unrelated ancestors (convergent evolution). While pro-
teins related by divergent evolution point out the general
utility of a structural motif in accommodating a variety
of functions [22], proteins related by convergent evolu-
tion demonstrate which functional elements of a reaction
mechanism are independent of structural context. On the
basis of the amino acid sequence of MGS we concluded
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that it is related to triosephosphate isomerase (TIM) by
convergent evolution rather than by divergent evolution.
The crystal structure of MGS supports this conclusion,
revealing a fold that is unrelated to that of TIM. The cat-
alytic mechanism utilized by TIM utilizes both Glu165
and His95 in forming and stabilizing the ene-diol interme-
diate. Similarly, the crystal structure of MGS shows that
the active site contains both Asp71 and His98, which are
located near the bound formate molecule. However, the
identities of the important catalytic histidine ligands have
not yet been confirmed by site-directed mutagenesis or
chemical-modification studies. The structure of MGS in
the presence of a known transition-state analog along with
mutations to the invariant histidines in the active site will
greatly improve our understanding of how this enzyme is
related to TIM.
Materials and methods
Protein expression and purification
Recombinant E. coli MGS was expressed in pETmgswt-transformed
BL21(DE3) E. coli cells. The protein was expressed and purified accord-
ing to Saadat and Harrison [16].
Crystallization
MGS crystals were formed using the hanging-drop vapor-diffusion
method. An equal volume of a 20 mg/ml MGS protein solution in
50 mM TRIS-acetate (pH 7.0) and 1 mM KH2PO4 was mixed with the
crystallization solution (1.2 M sodium formate and 100 mM sodium
cacodylate, pH 6.0). Hexagonal-shaped crystals grew with an average
long dimension of over 0.8 mm and a width of 0.6 mm.
Data collection
MGS crystals mounted in oil-sealed 1.0 mm diameter quartz capillaries
were centered in a two-circle Rigaku R-axis II image plate detector
system and exposed to 0.3 mm collimated graphite monochromatized
Cu-Kα radiation generated by a Rigaku RU-200 rotating anode X-ray
generator at 50 kV × 100 mA. Rotation photographs (0.9°) were taken
with the crystal–detector distance set at 155 mm with a 2θ angle of
15°. The resolution limit at the edge of the detector was 1.8 Å. Image
data were processed (integrated, corrected, and scaled) from four dif-
ferent crystals with the HKL program suite [23].
Heavy-atom derivatives
A 1 µl volume of a 10 mM thimerosal solution was added to a 10 µl
drop containing one or more MGS crystals. Alternatively, 1.0 µl of a
100 mM trimethyl lead acetate solution was added to a 10 µl drop con-
taining one or more MGS crystals. After either 3 or 16 h of soaking with
either thimerosal or trimethyl lead acetate, respectively, a derivatized
crystal was selected for X-ray diffraction. Rmerge for the mercury and
lead derivatives were 7.6% and 6.3%, the isomorphous differences
were about 11% and 15%, respectively.
Computations and computer graphics
Computation and interpretation of Patterson maps and initial heavy-atom
refinement was aided by the use of the XTALVIEW [24] program suite.
The PHASES program suite [25] was used for subsequent heavy-atom
refinement and solvent flattening. Model generation and manual fitting of
an atomic model to electron-density maps was performed using the
program O [26] on an INDIGO II™ Silicon Graphics workstation. The
model was refined using both simulated annealing and constrained least-
squares refinement by the program X-PLOR [27].
Locating the heavy-atom sites
Examination of the mercury isomorphous difference Patterson map
revealed three heavy-atom sites in the space group P6122 or its
enantiomorphic space group P6522. These sites were found with an
automated Patterson interpretation program within the XTALVIEW suite
(XHERCULES) and the position was checked by using the program
XPATPRED. The anomalous-difference data removed the space group
ambiguity, revealing the correct space group to be P6522. Single isomor-
phous replacement (SIR) phases were used to find six lead sites consis-
tent with the lead isomorphous difference Patterson. Three of the lead
sites were identical to the mercury sites. The positions, occupancies, and
temperature factors of these heavy-metal sites were refined. 
The overall figure of merit to 3.0 Å was 0.69 using both derivatives and
their anomalous differences. To improve the phases, solvent flattening
(PHASES) was applied to the MIR map, which produced an overall
figure of merit of 0.82 for the phases to a resolution of 3.0 Å (Table 1).
These solvent-flattened phases were used to generate a Fourier map
using Fobs as coefficients. Although the near-threefold axis relating the
three monomers was calculated, averaging was not applied to the map
as the sidechain electron density was immediately apparent. This map
revealed electron density that could be readily categorized as either
β sheet or α helix.
Building the atomic model
A polyalanine chain was built into the solvent-flattened MIR map at
either 3.5 or 3.0 Å resolutions. Once 80% of the residues were built, it
was possible to assign the sequence using the mercury position near
Cys22 as a landmark. At this point, 7% of the reflections were ran-
domly selected to be set aside for the calculation of the free R value.
This preliminary structure was subjected to limited positional refine-
ment using the noncrystallographic threefold symmetry to constrain the
mainchain atoms. Phases from this partial model were calculated to a
resolution of 2.5 Å and combined with the original MIR phases and the
resulting electron-density map was subjected to solvent flattening.
These phases were used to calculate a new map, and additional
residues were added and the process was reiterated. 
Once the sequence was built into the electron density, it was possi-
ble to extend the resolution to 1.9 Å and use only the calculated
phases. At this point, the tetrahedral geometry of the phosphate ion
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Table 1
Data collection and phasing statistics for native and derivative
data sets.
Native I* Native II† Thiomersal Trimethyl lead 
(Hg) acetate (Pb)
Data collection statistics
Resolution (Å) 30–1.8 30–2.5 30–3.0 30–2.4
Number of reflections
observed‡ 247,774 176,383 96,791 71,423
unique‡ 58,374 24,675 18,234 25,027
Completeness‡ (%) 89.5 98.9 90.8 85.8
Rmerge§‡ (%) 7.7 7.3 7.6 6.3
Riso¶ (%) 11.4 15.6
Phasing statistics
Number of reflections used 16,362 19,300
in phasing (anom) (3282) (3544)
Phasing power (anom) 2.6 (3.4) 2.6 (2.8)
Number of reflections used 
in FOM 15,920
Combined FOM# 0.691
Solvent-flattened combined FOM 0.822
*Merged data from four different crystals used in refinement.
†Data from a single crystal, used in initial phasing. ‡(I/σ > 0).
§Rmerge (I) = ΣhklΣi|Ii–Ii(hkl)|/ΣhklΣiIi(hkl).
¶Riso(I) = Σhkl|IN(hkl)–IH(hkl)|/ΣhklIN(hkl). #FOM, figure of merit.
in the active site was easily identifiable, as was the ‘elbow’ shape of
the low temperature factor formate ion. Initially, only an overall tem-
perature factor was calculated for the data; however, once the R value
reached 30%, isotropic temperature factors were calculated for each
non-hydrogen atom. Water molecules and additional formate ions
were added to the model during subsequent rounds of refinement.
Noncrystallographic symmetry was used to restrain the backbone
atoms in residues 80–135. After a total of 15 rounds of manual
rebuilding and refinement, the model had an R value of 19.1% and a
free R value of 20.8% at a resolution of 1.9 Å. A bulk-solvent correc-
tion was applied to the data, which gave an R value of 18.1% and a
free R value of 20.2% after additional refinement (Table 2). The unusu-
ally small free R value can be accounted for by the noncrystallographic
symmetry in the asymmetric unit.
Calculation of the solvent-accessible surface area
The solvent-accessible surface area was calculated using the program
X-PLOR [27] for each monomer, each dimer, each trimer and the
hexamer. The default 1.6 Å radius water molecule probe was used to
determine the solvent-accessible surface area for each monomer,
dimer, trimer, and hexamer. The buried surface area was obtained by
subtracting the total surface area of each oligomer from the total
surface area of each of the monomers involved in forming the oligomer.
Accession numbers
The coordinates have been deposited with the PDB under accession
code 1b93. 
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Table 2
Crystal parameters and refinement statistics.
Space group P6522
Cell dimensions (Å) a = b = 123.2, c = 156.2
Protein Data Bank accession number 1b95.ent
σ cut off 2.0
Resolution range (high res. shell; Å) 30.0–1.8 (1.88–1.8)
Number of reflections 53,546 (2,961)
Completeness (%) 82.0 (36.8)
Free R value (%) 20.2 (30.0)
R value (%) 18.1 (28.9)
Number of protein atoms 3399
Number of water atoms 217
Number of phosphate atoms 5
Number of formate atoms 21
Ramachandran most favored/additional (%)* 95.6/4.4
Overall mean temperature factor (Å2) 24.0
Mean temperature factor for protein atoms (Å2) 23.0
Mean temperature factor for solvent atoms (Å2) 37.4
Rms deviation from ideal†
bond lengths (Å) 0.007
bond angles (º) 1.2
dihedral angles (º) 25.3
improper angles (º) 0.67
*Most favored and additionally allowed regions defined by
PROCHECK [28]. †Root mean square deviations from Engh and
Huber ideal values [29].
